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ARTICLE INFO ABSTRACT
Keywords: Lipid-bilayer nanodiscs provide a stable, native-like membrane environment for the functional and structural
AEM28 studies of membrane proteins and other membrane-binding molecules. Peptide-based nanodiscs having unique

Peptide nanodisc
P450-CPR redox complex
Cell membrane solubilization

properties are developed for membrane protein studies and other biological applications. While the self-assembly
process rendering the formation of peptide-nanodiscs is attractive, it is important to understand the stability and
NMR suitability of these nanodisc systems for membrane protein studies. In this study, we investigated the nanodiscs
Peptide:lipid interaction formation by the anti-inflammatory and tumor-suppressing peptide AEM28. AEM28 is a chimeric peptide con-
Nanodisc fusion taining a cationic-rich heparan sulfate proteoglycan- (HSPG)-binding domain from human apolipoprotein E
(hapoE) (141-150) followed by the 18A peptide’s amino acid sequence. AEM28-based nanodiscs made with
different types of lipids were characterized using various biophysical techniques and compared with the nano-
discs formed using 2F or 4F peptides. Variable temperature dynamic light-scattering and 3'P NMR experiments
indicated the fusion and size heterogeneity of nanodiscs at high temperatures. The suitability of AEM28 and Ac-
18A-NH,. (2F-) based nanodiscs for studying membrane proteins is demonstrated by reconstituting and char-
acterizing a drug-metabolizing enzyme, cytochrome-P450 (CYP450), or the redox complex CYP450-CYP450
reductase. AEM28 and 2F were also tested for their efficacies in solubilizing E. coli membranes to understand
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the possibility of using them for detergent-free membrane protein isolation. Our experimental results suggest that
AEM28 nanodiscs are suitable for studying membrane proteins with a net positive charge, whereas 2F-based
nanodiscs are compatible with any membrane proteins and their complexes irrespective of their charge.
Furthermore, both peptides solubilized E. coli cell membranes, indicating their use in membrane protein isolation
and other applications related to membrane solubilization.

1. Introduction

Membrane proteins are the major targets for >60% of commercial
drugs available in the market [1]. Therefore, studying atomic-level
structural and dynamical properties of membrane proteins is crucial
for understanding their biological functions and subsequent drug
development studies. The cell membrane is essential for the folding,
structural stability, and function of membrane proteins [2]. Hence, a
suitable lipid-bilayer environment that can preserve the native confor-
mation of membrane proteins under in vitro conditions is highly desired
[3-5]. For decades, bicelles have been proven to be excellent membrane-
mimetic systems for studying a variety of membrane proteins [6-16].
However, due to the use of detergent/detergent-like moieties in bicelles,
they are limited by their stability in extreme temperature and hydration
conditions [17]. Thus, they may not be suitable for studying some of the
membrane proteins, especially those sensitive to local lipid environ-
ments [18-21]. Lipid-nanodiscs has been shown to overcome some of
the limitations posed by bicelles, liposomes, and detergents. Nanodiscs
are lipid-bilayer structures encased by a belt of membrane scaffold
proteins (MSP) or short amphipathic peptides (18A or 4F) or peptoids, or
synthetic polymers [4,5,22-51]. These polypeptides or polymers, when
mixed with synthetic lipids (or biological cell membranes), self-
assemble to form nanodiscs. Due to the absence of detergents and the
presence of a protective amphipathic belt surrounding the lipid-bilayer,
nanodiscs are stable over a wide range of temperatures [17]. Nanodiscs
are increasingly used for membrane protein functional and structural
studies using solution nuclear magnetic resonance (NMR) spectroscopy
[52,53], cryo-EM [54], and other biophysical techniques [3,50]. In
addition, the macro-nanodiscs with a diameter of > 20 nm that can align
in an external magnetic field are useful for studying high-resolution
structures of membrane protein domains [22,55] and water-soluble
biomolecules when used as an alignment medium [56,57] by NMR.

Peptide nanodiscs are highly dynamic in nature as the belt sur-
rounding the lipid-bilayer consists of many short peptide molecules.
Peptide-based nanodiscs undergo collision resulting in fusion and ex-
change of lipid contents as shown by HS-AFM and 3'P NMR experiments
[30,58]. Therefore, nanodiscs with different sizes can be made by
varying peptide-to-lipid ratios for structural studies of various mem-
brane proteins [58-61]. Several studies used different types of peptide-
based nanodiscs for membrane protein studies [22,23,53,62]. Some of
the studies have characterized the peptide nanodiscs by solid-state NMR
to demonstrate their applicability for membrane protein studies under
magnetically-aligned conditions [22,29,35]. Due to the defined length
of peptides, the peptide-nanodiscs are mostly homogenous in size.

Ac-18A-NHj; (also known as 2F) is a linear peptide with 18 amino
acid residues including 2 Phe residues. It is a class A amphipathic helical
peptide designed to mimic the structural and functional features of
human apolipoprotein-A-I (hapoA-I) [63]. It has been reported that 18A
solubilizes different lipid types and forms nanodiscs, which can align in
an external magnetic field [29]. AEM28 (Ac-hE18A-NHy) is a dual-
domain peptide containing a heparan sulfate proteoglycan- (HSPG)-
binding domain from human apolipoprotein E (hapoE) (141-150) fol-
lowed by the 18A sequence [64]. The HSPG-binding domain of hapoE is
a highly cationic sequence that binds to atherogenic lipoproteins, low
density lipoprotein (LDL), and very low density lipoprotein (VLDL), and
participates in the clearance of these lipoproteins via the HSPG pathway
[64]. Peptide 2F is a strong lipid-binding peptide that binds with
phospholipids and the surface of a lipoprotein [65]. AEM28, protected
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with acetylation at the N-terminus and amidation at the C-terminus, is
highly effective in ameliorating hypercholesteremia via hepatic uptake
and clearance of LDL [64]. AEM28 also inhibited lung tumor develop-
ment in mice models, and its analog inhibited human and mouse cancer
cell viability [66].

Since AEM28 is a lipid-binding peptide, we undertook this study to
characterize its ability to form nanodiscs and to evaluate the suitability
of the nanodiscs for membrane protein studies. The AEM28-lipid as-
semblies were prepared and characterized by size-exclusion chroma-
tography (SEC), dynamic light scattering (DLS), differential scanning
calorimetry (DSC), circular dichroism (CD) spectroscopy and NMR
spectroscopy. The suitability of AEM28 and 2F peptides based nanodiscs
for membrane protein studies was demonstrated by reconstituting and
characterizing the drug-metabolizing 55.7-kDa rabbit cytochrome P450
(CYP450) 2B4 enzyme alone and in complex with its redox partner 76.8-
kDa rat CYP450 reductase (CPR). The electron-transfer kinetics mea-
surements were carried out using the stopped-flow technique under
anaerobic conditions. The efficacy of AEM28 and 2F for detergent-free
membrane protein isolation is also reported in this study.

2. Materials and methods
2.1. Lipids and peptides

DMPC and DMPG lipids were purchased from Avanti Polar Lipids
(Alabaster, USA). The AEM28, 2F-, and 4F peptides were synthesized
and purified using published protocols [64,67,68]. Organic solvents
were purchased from Sigma-Aldrich (St. Louis, Missouri, USA).

2.2. Liposome solubilization and nanodisc preparation using AEM28

10 mg of DMPC (or DMPC:DMPG (7:3 w/w)) was dissolved in
CD30OH/CDCl3 (1:1 v/v ratio) solvent mixture. The dried lipid film was
prepared by evaporating the solvent using No-gas, and the residual
solvent was completely removed under vacuum for ~4 h. The dried lipid
film was resuspended in 10 mM Tris buffer (pH 7.4) with or without 100
mM NaCl, using 3-5 times freeze-thaw cycles in liquid nitrogen. AEM28
was dissolved in Tris buffer (pH 7.4). Liposomes were solubilized by
mixing them with the AEM28 (or 2F or 4F) peptide solution at a 1:1 or
1:0.5 w/w ratio. 1-2 freeze-thaw cycles on the peptide:lipid mixture
were required for efficient lipid solubilization.

2.3. Size-exclusion chromatography (SEC)

The 1:1 w/w AEM28:DMPC, 1:1 w/w AEM28:(7:3 M ratio of DMPC:
DMPG) and 1:1 w/w 2F:DMPC (or 4F:DMPC) samples were character-
ized using SEC. The SEC 10 x 300 Superdex 200 column (GE Healthcare,
Chicago, IL, USA) was connected to a fast protein liquid chromatography
(FPLC; GE Healthcare) and equilibrated with a 10 mM Tris or potassium
phosphate buffer (pH 7.4) with and without NaCl. The experiment was
performed at room temperature with a flow rate of 0.75 mL/min, and a
280 nm detector was used to detect peptides from peptide:lipid assem-
blies. All buffers used in this study were filter-sterilized and degassed
before use.

2.4. Dynamic light scattering (DLS)

The SEC-purified samples were characterized by DLS experiments
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using Wyatt Technology DynaPro NanoStar. 1 pL quartz MicroCuvette
was used for measurements. The DLS profiles were collected at different
temperatures ranging from 20 to 70 °C at 5 °C intervals. All data were
plotted and analyzed using Origin (OriginPro 2022).

2.5. Differential scanning calorimetry (DSC)

DSC measurements were performed on liposomes and the SEC-pu-
rified 1:1 w/w AEM28:DMPC assemblies (peptide con. of 1.3 mg/mL).
The measurements were performed on a DSC calorimeter (DSC Nano, TA
instruments, New Castle, DE, USA) using a constant pressure of 3 atm
(44 psi) and a scan rate of 1 °C/min between 10 and 50 °C. The buffer
used in SEC was used to collect reference data. NanoAnalyze software
was used for background subtraction and baseline correction.

2.6. NMR data collection, processing and analysis

550 uL of the SEC-purified 1:1 w/w AEM28:DMPC samples (3 mg/
mL) were mixed with 50 pL of 2H,0 and loaded into 5 mm NMR tubes
(Wilmad, NJ, USA). One-dimensional 'H and two-dimensional (2D)
'H/'H total correlation spectroscopy (TOCSY) (using a 100 ms mixing
time) and 2D 'H/'H nuclear Overhauser effect spectroscopy (NOESY)
experiments (with a 120 ms mixing time) were recorded in phase-
sensitive mode using states-TPPI for quadrature detection in the indi-
rect dimension. A DIPSI2 sequence was used for isotropic mixing in 2D
TOCSY experiments. The NMR spectra were acquired with 200
(TOCSY)/300 (NOESY) and 2048 complex data points in t; and t; di-
mensions, respectively, with 240 scans per t; increment. The same ex-
periments were also performed on lipid-free AEM28 (13 mg/mL). All
NMR data were collected at 303 K using a 500 MHz Bruker NMR spec-
trometer (Billerica, MA, USA). The data were processed using Bruker
Topspin (Version 3.6.2). 1D 'H NMR spectrum was recorded for the
lipid-free 1:1 w/w 2F:DMPC nanodiscs (10 mg/mL) using a Bruker 800
MHz NMR spectrometer equipped with a cryogenically-cooled probe.

Variable-temperature 3'P NMR spectra were recorded under static
conditions on a 400 MHz Bruker solid-state NMR spectrometer (Bill-
erica, MA, USA) equipped with a Chemagnetics/Agilent 5 mm double-
resonance HX magic-angle spinning (MAS) NMR probe operating at a
resonance frequency of 400.11 MHz for protons and 161.97 MHz for Slp,
A 5 mm glass tube was used for the sample. Each >!P NMR spectrum was
acquired using a 5 ps 90° pulse followed by a 25 kHz SPINAL-64 (small
phase incremental alternation with 64 steps) proton decoupling [69]
using 128 scans and a relaxation/recycle delay of 5 s. The data were
processed and analyzed using Bruker TopSpin (3.6.2) software. Experi-
ments were performed at three different concentrations of DMPC and
AEM28 nanodisc samples: a) 1:1 w/w AEM28:DMPC (3 mg/mL), (b) 1:3
w/w AEM28:DMPC (25 mg/mL of AEM28 and 75 mg/mL of DMPC) and
c) 1:3 w/w AEM28:DMPC (50 mg/mL of AEM28 and 150 mg/mL of
DMPC) nanodiscs. Samples with different concentrations were used to
examine the effect of concentration on the magnetic-alignment behav-
iour of nanodiscs. The nanodisc samples were prepared in 10 mM Tris
buffer (pH 7.4).

2.7. Reconstitution of CYP450 in AEM28:DMPC nanodiscs

Rabbit CYP450 2B4, rat CPR, and cytochrome-b5 were overex-
pressed and purified using published protocols [70-76]. The protein
solution (6 uM) was incubated with 1:1 w/w AEM28:DMPC nanodiscs
overnight at 4 °C for reconstitution and then characterization by carbon
monoxide (CO) assay [77,78]. The final protein sample contained 2-4%
glycerol.

2.8. Absorption spectroscopy and the functional analysis of CYP450 using
CO assay

The absorption spectra were recorded using a UV/vis
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spectrophotometer (DeNovix DS-11 + (M/C), Wilmington, DE, USA). A
quartz cuvette with a 1 cm light path length was used for the mea-
surement. The absorption spectrum of a ~6 pM solution of CYP450 2B4
in 10 mM Tris buffer (pH 7.4; 100 mM NaCl) was recorded from 250 to
600 nm. Then, a small amount of sodium dithionite (NayS,04) was
added to reduce Fe3* (low-spin state) to Fe?* (high-spin state), and the
spectrum of the reduced CYP450 2B4 was recorded [79]. Next, the
protein solution was saturated with CO-gas by slowly passing it into the
solution for 15-20 s. The absorption spectrum was recorded to observe
the formation of the CYP450 2B4-CO adduct. CYP450 2B4 concentration
was determined using €450.490 = 91 mM tem™L

2.9. Electron transfer measurements using stopped-flow experiments

The electron transfer measurement from oxidized CPR to ferric
CYP450 in the CYP450-CPR redox complex reconstituted in 2F:DMPC
nanodiscs was performed under anaerobic conditions [80] using a Hi-
Tech SF61DX2 stopped-flow spectrophotometer (Bradford-on-Avon,
UK) housed in an anaerobic Belle Technology glove box (Weymouth,
UK). The 10 mM Tris buffer (pH 7.4) was purged with N; gas for 1 h to
remove the dissolved oxygen before being transferred to the glove box. A
1.7 mM stock solution of NADPH was prepared under anaerobic con-
ditions by dissolving NADPH powder in 10 mM Tris buffer (pH 7.4). The
working NADPH solution was prepared (dissolved in a separate 1.5 mL
centrifuge tube inside the glove box) such that the final NADPH con-
centration in the reaction mixture was ~20 M equivalents to the
CYP450-CPR redox complex (2 uM). The redox protein complex and CO-
saturated NADPH solutions were injected into two different valves of the
stopped-flow using two new syringes, mixed, and absorbance spectra
were recorded for 15 s at 25 °C to measure the electron transfer rates.
The absorbance was detected using a Photodiode Array (PDA) detector.
The rate of reduction of ferric CYP450 to the ferrous CYP450-CO com-
plex was monitored at 450 nm. The redox reaction rate constants and the
amplitudes were calculated by fitting the reaction kinetics data to a
double-exponential equation:

ay.exp(—ki.x) +az.exp(—k.x) +¢ [1]

Here, a; and ay are amplitudes, and k; and kj are rate constants.

2.10. Solubilization of E. coli membranes using AEM28

A stock suspension of membranes (250 mg/mL) was prepared by
resuspending E. coli membranes in 10 mM Tris buffer (pH 7.4) con-
taining 100 mM NacCl and protease inhibitors. The membranes were then
solubilized by mixing them with AEM28 peptide solution at a 1:1 (w/w)
ratio. The membrane:peptide solution was mixed well by a 10-sec vor-
tex, and the samples were incubated overnight under slow mixing. The
insoluble components were removed by centrifugation of samples at
10000 rpm for 45 min at 4 °C, and the supernatant was analyzed by SDS-
PAGE electrophoresis. The pre-cast SDS-PAGE gels were purchased from
GenScript (New Jersey, USA), and the gel-loading dye and protein
marker were purchased from Bio-Rad Laboratories (Hercules, CA, USA).

2.11. Secondary structure measurements using circular dichroism (CD)

AEM28-DMPC and 2F-DMPC self-assemblies were characterized for
secondary structure by CD experiments. AEM28 alone spectra were also
obtained as controls. The samples were prepared in 10 mM Tris buffer
(pH 7.4), and the spectra were acquired between the wavelengths 190
nm and 260 nm. The measurements were performed on a Jasco spec-
trometer at 30 °C. The millidegree data generated by the CD spec-
trometer were converted to molar ellipticity using protein
concentration, number of residues, and 0.1 cm as the path length. The
secondary structures of the peptides with and without DMPC were
analyzed using Bestsel [81].



B. Krishnarjuna et al.

3. Results and discussion

3.1. AEM28 and DMPC mixture forms micellar-like structures on the SEC
column

The amino acid sequences of the peptides investigated in this study
are shown in Fig. 1A. AEM28 is a chimeric peptide derived by covalently
linking the highly cationic (2=+5.5) HSPG-binding domain (residues
141-150: L-R-K-L-R-K-R-L-L-R) of apoE to 18A (D-W-L-K-A-F-Y-D-K-V-
A-E-K-L-K-E-A-F), a class A amphipathic helical peptide; the N- and C-
terminals were protected by acetylation and amidation, respectively
(Ac-hE18A-NHy). 4F is the sequence analog of 2F where Leu3 and Leul4
are replaced by Phe. AEM28 and 2F are highly soluble in an aqueous
solution (Tris buffer) up to 50 mg/mL and 20 mg/mL, respectively (from
this study). The aqueous solubilization of 4F requires adding 4-5 equi-
molar concentration of NaOH. This is due to the increased hydropho-
bicity of 4F as compared to that of 2F and AEM28 peptides. Thus, the
order of solubility of peptides used in this study is AEM28 > 2F > 4F.

The nanodisc samples were prepared using peptide and DMPC at a
1:1 (w/w) ratio and characterized using 10x300 Superdex 200 SEC
chromatography (detected at 280 nm). To validate AEM28-based lipid-
nanodiscs, 2F:DMPC and 4F:DMPC nanodiscs were used as controls in
this study. Upon mixing the AEM28 solution with DMPC liposomes, the
white-turbid liposome solution turned spontaneously to a clear trans-
parent solution at room temperature (Fig. 1B). In the case of 2F, the
turbid DMPC liposome solution became transparent within ~2 min at
4 °C after the addition of the peptide solution. The conversion of a milky
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solution into a transparent solution indicates the formation of aqueous-
soluble peptide:DMPC self-assemblies or peptide nanodiscs. The 4F
peptides also spontaneously cleared milky DMPC liposomes at room
temperature. Intriguingly, the SEC elution peak for the 1:1 w/w AEM28:
DMPC self-assemblies was observed near the end column volume
(17-21 mL) (Fig. 1C), suggesting lower stability of AEM28:DMPC
nanodiscs on the column. The cationic region of the peptide may be
interfering with peptide-lipid interactions, thus making them less stable.
We also speculate that the glass surface (SiO2) of the SEC column can be
retarding the peptide:lipid complex movement as the peptide interacting
with it due to its cationic nature. In addition, the stability of nanodiscs
was tested at different sample conditions: 1) heating the sample at 32 °C
(>Tp of DMPC) for 5 hrs before loading it onto the SEC column, 2)
including 100 mM NacCl in the SEC buffer or 3) 30% DMPG in nanodiscs.
Sample heating or including NaCl in the buffer did not improve the SEC
profile (Fig. S1). The SEC elution profiles were inconsistent for the
sample containing DMPG lipids (Fig. S1). When DMPG concentration
was used at 50% or above in combination with DMPC or DMPG alone,
visible aggregates were observed (Fig. 1D), indicating strong ionic in-
teractions between the cationic-rich region of the peptide and anionic
DMPG lipids. The 1:1 w/w 2F:DMPC self-assemblies also showed a
similar SEC profile where the elution peak was observed between 18 and
24 mL (Fig. 1E), suggesting that it was not the cationic region alone but
also the 2F region of AEM28 contributing to the instability of nanodiscs
in the SEC column. Although we performed no binding experiments with
SEC column resin, it is unlikely that the resin makes non-specific in-
teractions with either peptide or lipids. On the other hand, the positive

Fig. 1. Self-assembly of amphipathic peptides and lipids to form nanodiscs. (A) Amino acid sequences of AEM28, 2F, and 4F peptides investigated in this study.
The 100% conserved residues in these peptides are indicated with *. (B) Solubilization of DMPC liposomes using AEM28. The sample was prepared using 10 mg lipids
and 10 mg peptide (in a 1:1 (w/w) ratio). The photographs were taken at room temperature. (C) SEC chromatogram of the AEM28:DMPC self-assemblies. (D)
Insoluble aggregates of AEM28-DMPC-DMPG (1:0.5:0.5 w/w ratio). (E & F) 2F:DMPC (E) and 4F:DMPC (F) self-assemblies. The samples were prepared using a 1:1

(w/w) ratio of lipids to peptides.
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control sample, 4F:DMPC self-assemblies eluted earlier (9-14 mL) as
expected for nanodiscs of 10-14 nm diameter size (Fig. 1F). The unusual
elution of AEM28:DMPC and 2F:DMPC assemblies could have occurred
due to the formation of weak peptide-lipid micellar-like structures under
the column pressure of ~2 MPa. A similar observation has been reported
for the non-ionic polymer:zwitterionic DMPC nanodiscs [82]. Overall,
the SEC elution profiles of AEM28:DMPC and 2F:DMPC self-assemblies
differ substantially from that obtained from 4F:DMPC nanodiscs.

3.2. Interactions between AEM28 and DMPC are strong enough to keep
them intact in the SEC column

It was unclear whether the SEC fractions contained both AEM28 and
DMPC or AEM28 alone (detection @280). Hence, 'H NMR experiments
were carried out to analyze the composition of SEC fractions. Since the
SEC elution peak was asymmetric, the fractions 17-19 mL and 20-21 mL
were combined and analyzed independently by 'H NMR to find if there
was any difference in the composition of different fractions from SEC
(Figs. 1C, 2A, and $2). The 'H NMR spectra of both samples showed the
characteristic quaternary ammonium methyl group protons (yCHgs; 3.2
ppm) and acyl-chain protons (0.7 to 1.38 ppm) from DMPC lipids
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(Fig. 2A). The peaks in the aromatic region (6.55-7.53 ppm) are from
Phe, Tyr, and Trp aromatic ring protons of AEM28 (Fig. 2A). The later
fractions (20-21 mL) showed some extra sharp peaks that are from
impurities present in the peptide sample (Fig. $2). The observation of
peaks from both DMPC and AEM28 molecules in the NMR spectrum
indicates that the interactions between AEM28 and DMPC lipids are
strong enough to keep them intact on the SEC column under a column
pressure of ~2 MPa. However, the late elution of the peptide-lipid
complex suggests the presence of micelle-like structures in the SEC
column rather than stable lipid-bilayer nanodiscs.

3.3. Nanometer-size complexes observed from SEC-purified AEM28:
DMPC and 2F:DMPC samples

DLS experiments were performed to measure the hydrodynamic
radius of AEM28:DMPC assemblies (Fig. 2B-D). The measurements were
done on the SEC-purified samples. Intriguingly, the DLS profiles of 1:1
w/w AEM28:DMPC self-assemblies showed nanoparticles with a hy-
drodynamic radius of ~4.6 nm (Fig. 2B). This value was very similar to
that observed for the 1:1 w/w 4F:DMPC nanodiscs (Fig. 2B, D, and S3).
The hydrodynamic radius of 2F:DMPC (~3.5 nm) self-assemblies was

Fig. 2. 'H NMR and DLS characterization of peptide-based nanodiscs. (A) 'H NMR spectrum of the SEC-purified AEM28:DMPC complex. The region between 5.8
and 11.5 ppm is expanded to show the amide/aromatic peaks from AEM28 (inset). The DMPC peaks are labelled with assignments. The high-intensity peak at 3.7
ppm was from Tris buffer. The peaks from AEM28 are labelled. (B, C & D) DLS profiles of the SEC-purified AEM28:DMPC (B), 2F:DMPC (C), and 4F:-DMPC (D) self-

assemblies. All the samples were prepared with 1:1 w/w peptide:lipid ratios.
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slightly smaller than the AEM28:DMPC or 4F:DMPC samples. All three
samples showed a narrow distribution of particles (Fig. 2B-D and S3),
suggesting a good size homogeneity of peptide nanodiscs. The number of
lipids in each layer of lipid-bilayer nanodisc was estimated to be ~70,
which was calculated by taking 70 A2 area per DMPC lipid [83]
(Fig. 2A); the effective radius for lipids’ occupation would be about 4 nm
by excluding about 0.6 nm for the space occupied by the hydrophobic
part of the peptide belt. Previous studies on 2F based nanodiscs [84,85]
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reported that each nanodisc with a 7-8 nm diameter contains ~16
peptides arranged in a double belt fashion. Since the AEM28 sequence is
the extension of the 18A sequence and its N-terminal cationic-rich re-
gion is not part of the belt, a similar number of AEM28 molecules per
nanodisc is expected to be present. 'H NMR data showed peaks from
both lipids and peptides, indicating the presence of lipid-peptide com-
plexes, whereas the DLS profiles showed a narrow distribution of par-
ticles; together, these data indicate the micelle-like AEM28:DMPC

Fig. 3. Peptide-lipid interactions by NMR. (A-C) 'H NMR spectra of AEM28 (bottom) and 1:0.25 w/w AEM28:DMPC nanodiscs. For clarity, amide and aromatic
regions of 'H NMR spectra are shown; the peptide peaks in these regions are not overlapping with lipid peaks like those in the aliphatic region. The NMR chemical
shift changes for 1:0.25 w/w AEM28:DMPC nanodiscs (top) compared to the free AEM28 peptide (bottom) (amide-H" and aromatic protons) are indicated with
dashed vertical lines. The large downfield chemical shift change (0.23 ppm) observed for Trp12 aromatic side chain HY is indicated with an arrow. “** indicates the
peak-broadening due to conformational heterogeneity of AEM28 in the absence of lipids. (D-G) Selected regions of 2D NOESY spectra of 1:0.25 w/w AEM28:DMPC
nanodiscs (black) and AEM28 (red). The internuclear DMPC-AEM28 NOE cross-peaks (Trp12, Phe28/DMPC-CH,) and lipid-induced chemical shift changes (Phe28,
Val20, Ala21, Ala27) are labelled with partial peak-assignments. The lipid-induced disappearance of cross-peaks in the Lys/Arg side chain region (E) is boxed. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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assemblies present in the SEC column were spontaneously reorganized
to form more homogenous peptide nanodiscs by random collisions
resulting in fusion. The spontaneous formation of homogenous nano-
discs is very similar to that reported for non-ionic polymer:DMPC
nanodiscs, where the highly heterogenous polymer:zwitterionic com-
plexes present in the SEC column reorganize to form nanodiscs (in free
solution), which were more homogenous in size [82]. But the difference
is that the non-ionic polymer:DMPC assemblies started eluting earlier (9
mL) until the end column volume [82], whereas the AEM28:DMPC
nanodiscs eluted in a narrow range at the end column volume, sug-
gesting that the peptide-lipid interactions may be weaker in the column
but strong enough to keep the intermolecular interactions between
lipids and peptides intact.

3.4. AEM28:DMPC nanodiscs stabilized by hydrophobic interactions in
solution

Interaction between AEM28 peptides with DMPC lipids in nanodiscs
were characterized by 1D 'H and 2D 'H/'H NOESY NMR experiments.
The experiments were performed at pH 5.8 to minimize amide proton
exchange-broadening at pH 7.4. The NMR spectrum of the AEM28
peptide exhibited line-broadening and overlap throughout the spectrum
(Figs. 3 and S4). The non-symmetric line shape observed for the well-
resolved Trpl2 side chain HM further confirms this observation
(Fig. 3A). Such line-broadening is unexpected for highly soluble low
molecular weight (~3.5 kDa) peptides in solution [86-95]. Therefore,
the observation of broad NMR spectral lines suggests that the peptide is
likely self-assembled into aggregates (or nanodispersion/conforma-
tional heterogeneity) due to the hydrophobic 2F sequence, while the
hydrophilic residues keep the peptide in a soluble state. In the case of
nanodiscs, the amide/aromatic region exhibiting peaks only from
AEM28 was used to analyze peptide-lipid interactions (Fig. 3A-G). The
amide proton peaks (~7.6 to ~8.5 ppm) from 1:0.25 w/w AEM28:
DMPC nanodiscs are broadened to the noise level as compared to that
observed in the spectrum of lipid-free AEM28 peptide (Fig. 3B). Trp12
side chain H observed from the free AEM28 peptide was shifted to
downfield by 0.23 ppm in nanodiscs at pH 5.8 (Fig. 3). Since Trpl2 is
part of the lipid-binding 2F sequence in AEM28, a change in its H" side
chain chemical shift indicate the interaction with lipids. Therefore, the
observed line-broadening can be attributed to the shortened spin—spin
relaxation of protons resulting from the lipid-peptide interactions in
nanodiscs. The Trpl2 side chain HY peak in nanodiscs was appeared
more symmetric compared to that from the free peptide, indicating a
more homogenous and stable conformation of the peptide in the pres-
ence of lipids. On the other hand, the aromatic proton peaks (6.58 —7.58
ppm) that are overlapped for the free peptide (i.e., with no lipids) are
resolved with small chemical shift changes for the nanodiscs sample
(Figs. 3C and S4). The observed chemical shift changes and differential
line-broadenings indicate the interaction of AEM28 with DMPC lipids in
1:0.25 w/w AEM28:DMPC nanodiscs, and additionally due to a change
in the time scale of motion. The strong NOE cross-peaks observed be-
tween DMPC acyl and AEM28 aromatic protons (Figs. 3D and S4) reveal
the presence of hydrophobic interaction between AEM28 and DMPC,
which stabilized the nanodiscs in solution and also kept the peptide-lipid
complex intact in the SEC column (Figs. 1C and 2A). Moreover, the
substantial chemical shift changes and the complete disappearance of
peaks were observed in the Ala/Val methyl/aromatic and Lys/Arg side
chain regions (Fig. 3E-G), further confirming strong peptide-lipid in-
teractions. A more detailed study using optimal sample conditions is
needed to gain atomic-level structural insights and to understand the
binding orientation of AEM28 peptides on the rim of the lipid-bilayer
encased in nanodiscs as reported for the 2F:DMPC nanodiscs [85].

1408

Journal of Colloid And Interface Science 653 (2024) 1402-1414

3.5. Elevated temperatures induce fusion and formation of macro-
nanodiscs

The AEM28:DMPC assemblies were characterized by measuring DLS
profiles at various temperatures ranging from 20 to 70 °C with 5 °C
intervals (Fig. 4A and S5). For temperature change from 20 to 25 °C,
particles with 4 to 4.7 nm in hydrodynamic radius were observed.
Raising the temperature increased the hydrodynamic radius of nano-
discs to a maximum of ~14 nm at 60 °C, as shown in Fig. 4A. Above
60 °C, DLS profiles showed multiple peaks, suggesting the structural
integrity (or stability) of AEM28:DMPC nanodiscs were poor at higher
temperatures (Fig. §5). A similar observation has been reported for 2F:
POPC nanodiscs, which are stable up to ~65 °C as shown by DLS mea-
surements [96]. The temperature-dependent increase in the hydrody-
namic radius of AEM28:DMPC nanodiscs was due to the fusion of
smaller nanodiscs in solution. The nanodisc fusion and lipid exchange
are feasible in peptide nanodiscs because the lipid-bilayer in each
nanodisc is surrounded by a belt constituting many short peptide mol-
ecules arranged in a head-to-tail manner [68], and the thermal energy at
high temperatures increases the mobility and diffusion of both peptide
and lipid molecules [58]. The size (diameter) of the particles measured
by TEM (12-19 nm) was not consistent with the DLS data (Fig. 4a and
$6); hence they were not used in the analysis. This is consistent with the
results observed from SEC (Fig. 1C), suggesting these nanodiscs are
stable only in free solution as observed by DLS. Moreover, the fusion of
nanodiscs is likely to be absent in TEM samples that are devoid of
thermal energy and bulk solution to promote fusion.

3.6. Decreased cooperativity in the ripple-to-liquid-crystalline phase
transition of lipids

The physical order of DMPC lipids in the AEM28:DMPC assemblies in
Tris buffer was studied by measuring the main phase transition tem-
perature (Tp,) of DMPC in the presence and absence of AEM28 using DSC
experiments (Fig. 4B). DSC measurements were carried out directly on
the SEC-purified 1:1 w/w AEM28:DMPC assemblies. For pure DMPC, a
narrow peak was observed at ~23.5 °C close to the gel-to-liquid crys-
talline lamellar phase temperature of DMPC. In contrast, a very broad
and asymmetric ripple-to-liquid crystalline phase transition peak was
observed for the AEM28-bound DMPC lipids. As the width of the tran-
sition peak is inversely related to the cooperativity of lipids’ phase
transition, the observed broad peak indicates a decreased cooperativity
of lipids due to their association with AEM28. In addition, the extent of
decreased cooperativity is not uniform because the Ty, of lipids that are
closely located/associated (dominated by the peptide-lipid interaction)
with the AEM28 belt can be very different from that of lipids located
away from the AEM28 belt (dominated by the lipid-lipid interaction) in
a nanodisc. The measured Ty, for DMPC in AEM28:DMPC nanodisc was
25.3 °C, which is 1.8 °C higher than that for pure DMPC liposomes. Such
variations in Ty, of different phospholipids in different types of nano-
discs have been reported in the literature [97-100]. The Ty, of a given
lipid may decrease or increase depending on the type of belt on the
nanodisc rim and the lipid-to-protein or polymer ratio [98,99].

3.7. AEM28 is helical in the absence or presence of lipids

The secondary structure of AEM28 was analyzed by CD spectroscopy
to determine whether the cationic region of the peptide has any effect on
the helical structure of the 2F region of the AEM28 peptide. CD spectra
were collected in 10 mM Tris buffer (pH 7.4). The 1:1 w/w 2F:DMPC
(1.4 mg/mL) nanodiscs sample exhibited a double minima at ~208 and
~222 nm, confirming its helical conformation (Fig. 5A) [29,35,63].
Interestingly, the AEM28 peptide alone also showed a similar CD spec-
trum, indicating a high propensity for the peptide to form a helical
structure in solution (Fig. 5B). Similar CD spectrum observed for 1:3 w/
w AEM28:DMPC (Fig. 5C) indicates that a higher concentration of
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Fig. 4. Fusion of peptide-based nanodiscs. (A) A bar graph depicting the hydrodynamic radii of AEM28:DMPC self-assemblies calculated from variable-
temperature DLS profiles. The data plotted were collected at nine different temperatures ranging from 20 to 60 °C with 5 °C intervals. The sample was pre-
heated and equilibrated for 5 min before recording the data at each temperature. (B) DSC analysis of 1:1 w/w AEM28:DMPC assemblies (red) and DMPC lipo-
somes (black); the heat capacity (Cp) values are normalized. The physical phase of DMPC lipids below (ripple phase) and above (liquid crystalline phase) the gel-to-
lamellar phase transition (Ty,) is schematically depicted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

Fig. 5. Secondary structure of peptides forming the belt of nanodiscs. Conformational analysis of 1:1 w/w 2F:DMPC nanodiscs (A), AEM28 (B), and 1:3 w/w
AEM28:DMPC (C). The samples were prepared in 10 mM Tris buffer (pH 7.4), and the spectra were recorded at 30 °C.

DMPC lipids or the cationic-rich region of the peptide did not have any
substantial effect on the helical conformation of AEM28 in nanodiscs.

3.8. AEM28:DMPC nanodiscs undergo fusion above T, of DMPC and
partially align in an external magnetic field

31p NMR experiments were conducted to evaluate the magnetic-
alignment behavior of nanodiscs in the presence of an external mag-
netic field (Figs. 6 and S7). 31p NMR spectra were recorded from 3
different nanodiscs samples: 1:1 w/w AEM28:DMPC (3 mg/mL), 1:3 w/
w AEM28:DMPC (25 mg/mL AEM28, 75 mg/mL DMPC) and 1:3 w/w
AEM28:DMPC (50 mg/mL AEM28, 150 mg/mL DMPC). The spectrum of
1:1 w/w AEM28:DMPC (3 mg/mL) showed no change in chemical shift
or line width of 3P peak (~0.4 ppm), indicating the isotropic nature of
nanodiscs (Fig. 6A). Likewise, the spectra of 1:3 w/w AEM28:DMPC (25
mg/mL AEM28, 75 mg/mL DMPC) sample recorded between 295 and
318 K did not show any change in 3!P chemical shift. However, line-
broadening was observed at higher temperatures, indicating the fusion
of nanodiscs to form macronanodiscs that tumble slowly in the NMR
time scale (Fig. 6B, C). The absence of magnetic-alignment behavior
may be due to the low concentration of the sample, which may not
overcome the motional averaging of the magnetic susceptibility of
nanodiscs. In contrast, the spectra of the 1:3 w/w AEM28:DMPC (50
mg/mL AEM28, 150 mg/mL DMPC) sample showed temperature-
dependent 3'P line-broadening and chemical shift changes (Fig. 6D,
E). Line-broadening was observed for the 3P peak when the
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temperature was increased to ~297 K (T, of DMPC). The line-
broadening increased further when the temperature was raised above
T, of DMPC, indicating the fusion of nanodiscs in agreement with DLS
results (Fig. 2B). At 302/303 K, a decrease in the isotropic peak intensity
near 0 ppm and a new broad peak at —5 ppm were observed. The
appearance of a new peak at —5 ppm indicates the alignment of AEM28:
DMPC nanodiscs with the lipid-bilayer normal oriented perpendicular to
the magnetic field direction. At 304 K, the isotropic peak completely
disappeared, and the aligned peak (-5 ppm) became prominent. When
the temperature was increased to 318 K, the broad peak became more
apparent with the chemical shift changing from —5 ppm to —7 ppm. In
addition, a powder pattern (0 — 20 ppm) was present in the spectra
recorded at higher temperatures, indicating the presence of unaligned
nanodiscs in the sample [101]. Despite being heterogeneous, the
magnetic-alignment behavior observed for AEM28:DMPC nanodiscs is
similar to that reported for the 2F-based lipid nanodiscs [43]. It is
possible to optimize the concentration of the nanodiscs sample and
temperature to enhance the extent of magnetic-alignment for solid-state
NMR applications.

3.9. Peptide nanodiscs are suitable for functional reconstitution and
characterization of membrane proteins

One of the major applications of lipid-bilayer nanodiscs is to study
membrane proteins in a native-like lipid environment. Hence, 1:1 w/w
AEM28:DMPC and 2F:DMPC nanodiscs were tested to determine



B. Krishnarjuna et al. Journal of Colloid And Interface Science 653 (2024) 1402-1414

Fig. 6. 31p NMR of peptide-based nanodiscs. Variable temperature 31p NMR spectra of (A) 1:1 w/w AEM28:DMPC (3 mg/mL), (B, C) 1:3 w/w AEM28:DMPC (25
mg/mL AEM28 and 75 mg/mL DMPC) and (D, E) 1:3 w/w AEM28:DMPC (50 mg/mL AEM28 and 150 mg/mL DMPC) nanodiscs. The spectra were recorded using a
400 MHz Bruker solid-state NMR spectrometer equipped with a 5 mm triple-resonance HXY MAS NMR probe. The samples were prepared in 10 mM Tris buffer (pH
7.4), and the spectra were recorded at the indicated sample temperatures. The isotropic peaks are indicated with the down arrows at the top (0 ppm). Above ~300 K,
the peak shifted to the high field ((—6.3 ppm in D) or (—7 ppm in E)), likely due to the magnetic-alignment of nanodiscs (indicated by the dashed vertical lines). In
addition, the broad powder pattern observed at high temperatures (>~305 K) indicates the existence of a combination of aligned (at least partially) and unaligned
lipid aggregates (or vesicles), indicating disorder in the orientations due to random collisions and fusion of nanodiscs enabled by thermal energy.

Fig. 7. Activity of CYP450 and CYP450-CPR redox complex reconstituted in peptide-based nanodiscs. (A) Reduction of CYP450 2B4 reconstituted in 1:1 w/w
AEM28:DMPC nanodiscs characterized by CO-assay shown by UV/vis absorption spectra. The UV/vis spectra of oxidized (Fe>") CYP450 2B4 (black), reduced (Fe?")
CYP450 2B4 (cyan), and the CO-bound CYP450 2B4 (Fe*>*—CO) (red). The shift in Soret peak from 417 nm to 451 nm in the presence of CO and sodium dithionite
indicates the functionally stable form of CYP450 2B4 in 1:1 w/w AEM28:DMPC nanodiscs. The low-intensity peak that appeared at ~423 nm may be due to an
incomplete reduction of the protein or from a small portion of an inactive form of the protein present in the sample. The spectra were measured at room temperature
in a 10 mM Tris (pH 7.4) buffer. (B, C) Photographs showing turbid/precipitated solutions that were formed when 1:1 w/w AEM28:DMPC nanodiscs with CYP450
were mixed with anionic CPR (B) and cytochrome b5 (C). (D) The soret-band region in the absorption spectra of CO-bound CYP450 2B4 shows a time-dependent
decrease in the peak intensity at 417 nm and the appearance of a new peak at 451 nm (indicated with dotted arrows). (E) Kinetic traces (@451.25 nm) from the
reduced (Fe?") CO-bound CYP450 2B4 in the presence of CPR and benzphetamine. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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whether they could be used for membrane protein functional studies.
The drug-metabolizing enzyme CYP450 2B4 was reconstituted into 1:1
w/w AEM28:DMPC nanodiscs and characterized by carbon monoxide
assay. The absorption spectrum of oxidized CYP450 2B4 (z = +6) in
nanodiscs showed an absorption peak at 417 nm (Fig. 7A). Upon satu-
rating the protein solution with CO in the presence of sodium dithionite
(NayS204), a new peak appeared at 451 nm (Fig. 7A) due to reduction,
indicating that the CYP450 2B4 was functionally active in 1:1 w/w
AEM28:DMPC nanodiscs.

3.10. Functional reconstitution of differently charged membrane protein/
complexes is modulated by the peptide nanodisc-belt charge

The effect of the cationic AEM28 belt on nanodiscs is studied by
reconstituting anionic Cyt-b5 and CPR membrane proteins. When the
Cyt-b5 (net charge —8.8 @ pH 7.4) and CPR (net charge —27 @ pH 7.4)
in the CYP450-CPR redox complex were mixed with AEM28:DMPC
nanodiscs, the solution became turbid and precipitated with time
(Fig. 7B, C), indicating the instability of the protein-nanodisc assem-
blies. A possible reason for the protein aggregation/precipitation is that
the cationic-rich region of AEM28 interacts with the highly anionic,
soluble domain of the CYP450 reductase (z = — 27). This electrostatic
interaction between the peptide belt and CPR can disrupt the interaction
between CYP450 and CPR of the redox complex and also destabilize the
nanodisc belt and the encased lipid-bilayer. Similar observations have
been reported for the differently charged polymer nanodiscs [102]. On
the other hand, the redox complex was successfully reconstituted in the
case of 2F:DMPC nanodiscs, and the first electron transfer from CPR to
CYP450 was studied using the stopped-flow technique (Fig. 7D, E). The
estimated reconstitution of CYP450 in nanodiscs was 98.5% (1.97 pM).
The kinetics data were best-fit to a double-exponential equation, indi-
cating that the electron transfer occurred in a two-phase fashion
(Fig. 7E). The biphasic reaction may be due to the structural heteroge-
neity of proteins in the CYP450-redox complex. It is difficult to probe the
structural heterogeneity of this complex as it is stabilized by transient
interactions. The calculated rate constants, k1 (2.5 + 0.27 s 1) and ko
(0.25 + 0.01 s™!) were very similar to that reported using polymer
nanodiscs [99,103], suggesting the suitability of 2F-peptide-nanodiscs
for functional reconstitution and study of membrane proteins and
their complexes in native-like lipid-bilayers.

In addition to the freely hanging cationic region of AEM28 from the
nanodisc’s belt, some of the peptide population may not be part of the
belt. The free cationic AEM28 peptides (i.e., not being part of the belt of
the nanodiscs) present in the solution can also electrostatically interact
with the anionic CPR that is supposed to be forming a redox complex
with CYP450 when reconstituted in the nanodiscs. Therefore, the non-
specific ionic interactions can be the cause for the formation of a
turbid/aggregated protein solution. Since the free and nanodisc-bound
peptides are likely to differ in their time scale of motion, they can be
detected by suitable cross-polarization (CP)-based NMR experiments. A
detailed study to investigate the lipid-bound and lipid-free peptides is
needed.

3.11. Solubilization of E. coli membranes by AEM28 and 2F

Since AEM28 solubilizes synthetic lipids, we tested its ability to
solubilize cell membranes. E. coli membranes were incubated with
peptides at a 1:1 w/w ratio, and the SDS-PAGE was used to analyze the
soluble portion of samples (Fig. 8). Protein bands were observed for both
AEM28 and 2F samples, indicating that these peptides were able to
solubilize E. coli cell membranes. The intense bands towards the lower
end of the gel (low molecular weight) for the peptide-solubilized frac-
tions were due to AEM28 or 2F peptides. A smeared-intense band was
observed in the insoluble fraction of the AEM28 sample but not in the 2F
sample. Interestingly, despite being highly soluble in water, the AEM28
was present in the insoluble fraction, which supports the precipitation
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Fig. 8. Solubilization of membrane by nanodisc-forming peptides. SDS-
PAGE analysis of E. coli membrane solubilization by AEM28 and 2F peptides.
The intense band (circled) is likely from AEM28 aggregates formed by its
interaction with SDS. The labels I, S, and M denote insoluble membrane frac-
tion, peptide-solubilized membrane fraction, and protein marker, respectively.

observed with anionic DMPG lipids (see Fig. 1D). This may be because
the highly cationic AEM28 interacted with the anionic components
present in the insoluble membrane fraction (proteins/lipids) and got
separated from the solubilized fraction of membranes upon centrifuga-
tion (after solubilization). Moreover, the unusual appearance of this
band may be due to the formation of “micelle-like” aggregates by the
cationic AEM28 and the anionic SDS during electrophoresis. Due to the
intense band, it was not possible to quantify the proteins from the wells.
Nevertheless, the results indicate that both AEM28 and 2F can be used to
isolate membrane proteins from E. coli cell membranes. Various factors,
including pH, temperature, salt, and metal ions, can affect the mem-
brane solubilizing properties of peptides, as reported in a recent study on
synthetic polymers [50,104,105]. Therefore, further studies focusing on
these different solubilization conditions could be worthwhile to deter-
mine the optimal conditions for efficient solubilization of cell mem-
branes by different types of nanodisc-forming peptides. Such optimized
conditions would be useful to solubilize the membranes of various
human pathogens to make native lipid-nanodiscs that can be validated
for their vaccine/antimicrobial potential to see their suitability in tar-
geting various diseases in humans [106,107].

4. Conclusions

This study demonstrates lipid solubilization and nanodisc-formation
properties of AEM28 and 2F peptides. Peptide-lipid interactions in
nanodiscs are probed by high-resolution NMR, SEC, and DSC measure-
ments. The suitability of AEM28/2F-based nanodiscs for the functional
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characterization of membrane proteins is demonstrated using
membrane-anchored redox CYP450 enzyme. The efficacy of AEM28 and
2F peptides in solubilizing E. coli cell membranes is tested for the first
time. In the presence of DMPC, both peptides formed small ‘micellar-
like’ lipid-peptide aggregates on the SEC column that spontaneously
reassembled into nanodiscs in solution. At elevated temperatures,
smaller-size AEM28:DMPC nanodiscs fused into macronanodiscs that
showed a non-uniform alignment in the external magnetic field as pro-
bed by 3P NMR. Effective magnetic-alignment of AEM28:DMPC nano-
discs requires a higher concentration of nanodiscs that can overcome the
thermal motional averaging of magnetic susceptibility. The functional
reconstitution and characterization of CYP450 reveal the suitability of
the AEM28:DMPC nanodiscs for further studies on CYP450s as well as on
other membrane protein functional studies. However, due to the highly
charged cationic-rich region of AEM28, AEM28-based nanodiscs are
most likely to be suitable for studying membrane-anchored proteins
with cationic-rich soluble domains and integral membrane proteins. In
contrast, 2F (lacking the cationic-rich region)-based nanodiscs are
compatible with membrane proteins irrespective of their net charge.
Both 2F and AEM28 peptides solubilized E. coli membranes indicate that
nanodisc-forming peptides can be useful tools for isolating and studying
membrane proteins in native nanodiscs. Similarly, nanodisc-forming
peptides can be used to directly solubilize cell membranes of patho-
genic organisms for the development of vaccine formulations.
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